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Abstract—In order to provide information for the use
of radar in diagnostics a qualitative map of movements in
the thorax has been obtained.
This map was based on magnetic resonance image
sequences of a human thorax during suspended respi-
ration. The movements were measured using two dis-
tinct techniques. Segmentation provided measures of aorta
dilatation and displacements, and image edge detection
indicated other movements.
The largest heart movements were found in the anterior
and left regions of the heart with in-plane displacements
on the order of 1 cm and which caused lung vessels
displacements on the order of 2-3mm especially on the
left side due to the heart ventricular.
Mechanical coupling between the heart and aorta
caused aorta displacements and shape distortions. Despite
this coupling, aorta dilatations most likely reflected blood
pressure variations.
Index Terms—Tissue Displacements, Aorta, Cardiogra-
phy, Blood Pressure, Medical Radar
I. INTRODUCTION
This article addresses the movements of tissues in a
human thorax as detected by magnetic resonance images
(MRI) of a single, healthy individual. Motion in the
thorax is primarily due to respiration of the lungs and to
the beating heart.
The motion induced by respiration is extensively stud-
ied in the literature. Several studies have quantified the
precision of motion compensation in imaging processes
[1], [2], [3], [4], although a quantized map of movements
is generally not presented. F. Odille and colleagues
have, however, presented a map in a sagital plane for
one study [5]. Larger movements due to respiration is
found along the superior-inferior direction with anterior-
posterior being the second most significant axis [6] [7],
[8], [9].
Dilatations of the aorta are found to be due to the
blood flow through the aorta, and the aortic displace-
ments are both a consequence of respiration and the heart
beats [10], [11], [12]. Motion induced specifically by
the heart activity, e.g. while suspending respiration, is
reviewed in [13] with an emphasis on improving cardiac
imaging, however, no map is provided.
While investigating radar-based techniques for esti-
mating aortic blood pressure based on characteristics of
the aorta geometry a map in the axial plane of heart-
induced motions was needed, as was a more detailed
description of the aortic behavior. We have not been
successful in finding an adequate map in the literature.
This article hence provides a simple map of organ
boundary movements in general and aortic dilatations
and displacements in particular. During all acquisitions,
respiration was suspended.
II. METHODS
Two sets of magnetic resonance images (MRI) were
recorded: one set (I) for constructing a 3D volume
representation; one set of axial planes (II) for analyzing
tissue movements through the heart cycle. A three Tesla
MR system (Achieva, Phillips Healthcare, Best, The
Netherlands) was used. In this presentation, a right-
handed coordinate system was used with ’x’ pointing
from left to right (lateral), ’y’ pointing from posterior
towards anterior (depth) and ’z’ pointing from lower-
back towards the neck (longitudinal) (Fig. 1).
In set I, a voxel element spanned a volume of
0.89 × 0.89 × 1mm3 using a transverse, Turbo Field
Echo procedure. For image acquisition the respiration
was not suspended, but synchronization with respiration
was implemented at close to minimal inhalation.
For set II, a balanced, Turbo Field Echo procedure was
used where the heart cycle was divided into 30 phases,
axially oriented, for each of the longitudinal positions.
Each slice had a 2D slice pixel size of 0.85×0.85mm2,
at 6.6 mm slice spacing from just below the heart to
2slightly below the neck. For each acquisition, respiration
was suspended; however, only a partial inhalation was
done in order to allow for good ECG quality.
In both sets, MRI images were recorded in synchro-
nization with the ECG signal and the sets were both
T1-weighted.
The images of set II were further segmented with
relation to the aorta in order to have precise “position”
and “size” data. The segmentation was based on a man-
ually initialized, elliptic seed with automatic growth in a
transformed neighborhood while attempting to maintain
region homogeneity. The “position” of the aorta was
given through the centroid of the segmented pixels in
each image. The “size” was defined as the radius of
the circle with equal area as the segmented ellipsis:
rˆ =
√
ab, where a, b are the minor and major axes.
This procedure was not considered successful in the
lower most axial slices: in these slices, strong artifacts
in the MR images due to blood flow precluded reliable
segmentation.
For other structures, segmentation was considered too
difficult and a different approach was adopted in order
to illustrate the tissue displacements: this was based on
the extraction of intensity gradients (edges) and which
were assumed to be tissue boundaries. First the edges
(E) of the compressed MRI images (J) in set II (S)
were calculated; these are binary images. These were
then accumulated (M ) over the set of time instants.
∀Iz,t ∈ S, Jz,t =
√
Iz,t ∈ RNx×Ny
Ez,t = edge(Jz,t; θ, σ) ∈ {0, 1}Nx×Ny
Mz = Σ
Nt
t=1Ez,t ∈ {0, · · · , Nt}Nx×Ny
where t is here an index into the heart cycle (with Nt
instants) and the variables are of size Nx×Ny. The edge
detection was the Canny edge detector, with thresholds
set by θ and size set by σ.
Ideally, movements created sets of similar edges in
a neighborhood with extent depending on the scale of
movement, and static edges would all be identified at
the same point (x, y) and Mz(x, y) = Nt. In practice,
the accumulated edges are not unambiguous indications
of movements (see results in Fig. 5):
i “thin”, gray lines represented spurious detections
(e.g. point(3)),
ii a dark gray, narrow (≈2 pixels) line may represent
ill-defined boundaries (examples along the lung-
thoracic cage boundary),
iii intensity changes and boundaries which passed in/out
of the plane may have created numerous, “parallel”
lines which nonetheless did not represent the move-
ment of a single boundary (e.g. point(6)).
Regarding i and ii, edges with poor quality were not
always detected, or not always at the same position.
The accumulated edges image was chosen to represent
movements because it allowed the sequence of edges to
be displayed in a single two-dimensional image. A movie
representation avoids some of the aforementioned prob-
lems and was the basis of adding qualitative indications
of displacements in the form of blue arrows to these
images.
Remark, displacements assessed in a two dimensional
plane can only provide reliable estimations of the compo-
nent in the plane, not orthogonal to the plane (z): actual
boundary movements were necessarily less.
III. RESULTS
The variation in aortic radius was virtually equal for
all slices with very similar profiles (to within the noise
of the measurements): this profile was saw-tooth shaped
(Fig. 3). Neither the dicrotic notch nor shoulder was
clearly apparent in these measurements - this may have
been due to lack of segmentation accuracy.
Through the heart cycle, the aorta moved along a
grossly diagonal path in the sagital planes as demon-
strated by the aorta centroids and particularly so in the
upper torso (correlation between x and y in Fig. 2).
This was due to the aorta being pushed against the spine
which constrained the movements. The amplitude of the
movement in y is roughly 1.5 mm. Lower down the torso,
a more complex pattern emerges.
The difference in mechanical coupling with the heart
as a function of z-level does not appear as a difference
in profile of the aorta size.
The accumulated edges Mz shows large movements
of the heart with induced movements in neighboring
tissues, particularly large blood vessels in the lungs.
These movements were strongest to the left, probably
due to left ventricular activity. Edges appeared also to
be detected between the compartments of the heart, and
several of these internal interfaces show large displace-
ments. The right side of the heart showed comparatively
smaller displacements, therefore with smaller induced
movements in neighboring tissues.
Very little traces of movements were detected between
the lungs and the thoracic cage.
IV. DISCUSSION
The largest movements were observed in the heart and
dominated by the left ventricular. Outside the heart, the
tissue boundaries displaced by the heart were generally
those between lungs and arteries. This coupling has
two possible causes: the blood flow through the arterial
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Fig. 1. A sagittal section through the subject and which is centered
on the aorta (x = −1.0cm) visible as a long, tube beneath the spine.
The heart can be seen as an oval, oblique structure in the center with
several visible heart chambers and just below the aorta. The positive
x axis points out of the image.
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Fig. 2. Aorta centroid (top: x, bottom: y) displacements as a
function of time through a heart cycle and subtracted mean values
(µx, µy) to ease comparison. Upper z levels red; lower levels blue:
z ∈ [−6.9, 2.3] cm.
tree and the pressure propagation through intermediate
tissues. Given that the blood flow through the arterial
tree should act similarly in the left and right sides
while apparent movements were strongest to the left,
the dominant effect was interpreted to be due to the
propagation of the left ventricular movements.
Regarding the scale of in-plane displacements of the
heart walls, large movements were generally on the
order of 0.5 cm to 1 cm with the largest exceeding
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Fig. 3. Aorta radius dilatations as a function of time through a
heart cycle and subtracted mean values to ease comparison. Upper z
levels red; lower levels blue: z ∈ [−6.9, 2.3] cm. The radius profiles
indicate temporal shifts while descending the aorta: red traces appear
to precede blue traces.
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Fig. 4. The series of blood pressure cycles is reproduced from
Murakami [14] and was measured in a human while gradually
removing the catheter from close to the aortic valve. Typical features
of the aortic pressure wave is shown: the dicrotic notch at the closing
of the aortic valve, the “shoulder” associated with the reflected wave
from further down the aorta. Finally, the form of the pressure pulse
changes as the reflection arrives at different time within the cycle.
The actual blood pulse’s shape depends on the individual.
1 cm, perhaps as much as 2 cm (point (6) in image
3, Fig. 5). The displacements were typically divided
into 4 phases: long even compression, long retraction,
still, short retraction. Outside the heart, the displacement
scales were significantly less and the stronger, observable
displacements appeared to be on the order of 2-3 mm.
Although the scale of the lung arteries’ movements
are greater than that of the aorta, the former constitutes
a chaotic tree structure with relatively thin branches as
opposed to the aorta which is larger and runs almost
straight down the back.
Close to the aorta, heart wall displacements appeared
to have lesser amplitude. This movement was coupled
with the aorta dilatations and in some instances (e.g.
images 3, 4 in Fig. 5) resulted in complex deformations
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Fig. 5. To left, accumulated edges Mz ; to right average intensities
Et [Jz,t]. All images span the same xy region; in images 1 through 5
z was in the range [−9.6, 1.0] cm. In the edge images, the red lines
represent boundaries that essentially did not move (more than 24 of
30 images in the same point). Sets of neighboring, similar curves are
likely due to tissue boundaries that were moving. The blue arrows are
qualitative measures of movements based on edge “movies” (Ez,t as
time sequences). In image 1, blood flow in the aorta created artifacts.
and displacements. This was probably due to an inter-
action between internal blood pressure pulses and the
mechanical coupling.
The segmentation of the aorta resulted in measures
of both radius and centroid. The segmentation followed
a semi-automatic method and although the aorta was a
fairly easy organ to extract in MRIs, artifacts are known
to affect the images in particular due to strong blood
flow or any large movement in general. This was also the
reason why the lower-most z-levels were excluded from
Figs. 2 and 3. For those slices included in these figures,
the continuity of the traces across slices and relatively
low noise along a trace both indicated an acceptable
precision of the segmentation.
As mentioned in the previous section, the aorta cen-
troid followed a grossly diagonal path, especially at
upper z levels. In Fig. 5, the aorta is located between
the heart wall and the spine - at least in the upper z
levels. Heart pulsations exhorted pressure on the aorta
which in turn was constrained by the spine: this may
explain the diagonal movement. The tendency to adjust
to the heart pressure is seen in Fig. 5: the accumulated
edges indicates stronger movements of the aorta wall
along this SW-NE diagonal. These movements were
partially correlated with the aorta size: compare the
relative x movements with aorta radius. The reason for
this correlation was likely the small lag between the
blood pressure pulse wave through the aorta and the
mechanical coupling with the nearby heart walls.
In [15] the radius dilatations of the aorta were mea-
sured using a precise and invasive method based on pres-
sure and diameter sensors introduced through catheters.
It concluded that typical radius peak-to-peak amplitudes
for a normal population is 1.09 ± 0.22 mm. In [11],
similar results were obtained at several locations along
the aorta. The scale of dilatations in Fig. 3 are of the
same size.
The linear relationship between relative changes of
blood pressure and cross sectional area was studied in
[16]: it provided a link between the radius changes
and blood pressure variations. A similar study [17] also
shows the similarity of pressure and diameter using
trans-oesophagal ultrasound. The form of the aorta radius
dilatations was similar to common central arterial blood
pressure curves (Fig. 4).
Furthermore, the lack of correlation between aorta
size and y position as functions of the z level pointed
out in the results section proved at least that size and
position are partially decorrelated. Given the lack of
visible influence, if not independent, the influence of y
on size was small. Finally, we saw no reason to assume
that the influence of x on aorta size should be stronger
then that of y.
Therefore, we concluded that the relationship between
size and internal pressure was likely to be valid in spite
of the pressure exerted on the aorta from the heart.
The analysis in this article has been based on se-
quences of MRI images. Given that the in-plane res-
olution of the images were approximately 1 mm, the
scale of movements detectable in the accumulated edges
5images was on the order of this resolution. Given that the
aorta was segmented in each MRI acquisition and that
the measures of size and centroid were based on the en-
tire segmented regions, their accuracy was significantly
higher than the 1 mm bound.
The observations of this article relied only on a single
individual in prone position. The posture of a given
individual is likely to affect certain aspects - in particular
how the aorta is squeezed between the heart and the
spine. However, the general map of displacements is
likely to remain valid.
V. CONCLUSION
In this article, a map of heart-induced tissue dis-
placements in the thorax is presented. Due to limited
resolution, movements of scale less than 1 mm were not
detected.
The largest heart movements were found in the an-
terior and left regions in the heart; the scale of these
in-plane displacements were on the order of 1 cm
and caused artery-lung boundary displacements on the
order of 2-3mm. These induced displacements were far
stronger in the left than right lungs due to the proximity
to the heart left ventricular.
Mechanical coupling between the heart and aorta
caused aorta centroid displacements with axial varia-
tions. This coupling could be seen to affect the aorta
wall in a complex manner. However, due to lacking
correlation with displacement, similarity with typical
blood pressure curves and expected range of diameter
variations, aorta radius variations was concluded to be
dominated by internal pressure variations.
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